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INTRODUCTION
The surgical approach for pulmonary lobectomy has significantly changed over time. Two decades ago, the majority of lobectomies were performed via thoracotomy. Over time, surgeons began to adopt videoassisted thoracoscopic surgery (VATS) and an increased proportion of lobectomies were performed using this minimally invasive approach. The da Vinci Surgical System (Intuitive Surgical; Sunnyvale, California, USA) later provided an alternative platform. The proportion of lobectomies after introduction of this system performed by thoracotomy continued to decline. One study showed that, in 2008, 76.2% of lobectomies were performed using the open approach, compared with 23.4% and < 1.0% for VATS and robotic approaches, respectively [1] . In 2014, the majority of lobectomies was no longer performed via the open approach, and VATS and robotic approaches comprised 31.6% and 25.0% of lobectomies, respectively [1] . Another study demonstrated that, from 2011 to 2015, lobectomies performed by thoracotomy had an absolute decline of 11.5% [2] . Lobectomies performed using the robotic approach had an absolute increase of 10%, yet VATS only had an absolute increase of 1.5% [2] .
While the use of the robotic platform for lobectomy is growing and its safety has been evaluated and found to be acceptable [2] [3] [4] [5] , additional considerations for utilizing the robotic approach over other techniques and starting a robotic lobectomy program are still under evaluation, including costs and patient reported outcomes (PRO). A systematic review of the literature on the cost of robotic-assisted lobectomy that was performed by Singer et al. [6] from our institution, which included six observational studies published before 1 December 2017, found that, in general, the costs of robotic lobectomy exceed those of VATS. The studies that they reviewed were primarily based on early experiences, with the study period ranging from 2007 to 2013, and were only from the USA.
In this article, an updated review of the literature of the cost of robotic lobectomy is presented and the quality of life in these patients is reviewed.
METHODS

Literature search
An electronic literature search on PubMed was performed to identify studies that included either robotic lobectomy costs or quality of life on 9 September 2019. Search terms used included: ("cost" or "charges" or "quality of life" or "patient reported outcomes") AND ("robotic" or "robot") AND ("lobectomy" or "anatomic resection"). Abstracts from the search result were screened for relevance to include studies that evaluated costs and/or quality of life in patients undergoing robotic lobectomy. Original articles written in English were selected. Case reports and abstract-only publications were excluded. The full-text of the remaining studies were reviewed for eligibility. Additional studies were identified from reviewing the references of the studies found in the electronic literature search.
RESULTS
The literature search for costs associated with robotic lobectomy and review of its references resulted in 16 relevant articles [ Table 1 ] from five different countries (Canada, 1; China, 2; France, 1; Italy, 1; and USA, 11) [1,7-21] . These articles were published from 2008 to 2019 with the study period ranging from 2008 to 2017. The number of patients undergoing robotic lobectomy ranged from 12 to 2498. All studies were observational. The majority of studies were retrospective analyses of prospectively collected data from a single institution. Other studies included one prospective observational study [7] and four population-based cohort studies [1, [8] [9] [10] . In addition to analyzing costs of patients undergoing robotic lobectomy, seven of these studies also included patients who underwent robotic segmentectomy or wedge resection [7, 9, 11, [13] [14] [15] 18] . The majority of studies reported using the da Vinci Si system. Only two studies noted the use of the Xi [16, 17] . Both four-arm [11, 13, 14, 17, 18, 20] and three-arm [7, 12, 15, 19, 21] techniques were reported. There were three relevant articles identified that studied quality of life in patients undergoing robotic lobectomy [21] [22] [23] .
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Country Glenn et al. [8] [17] costs, direct costs, and/or indirect costs. Details on operating room (OR) charges and costs were provided by some studies. Professional fees were included in some studies, but not all. The micro-costing method was used to assess costs in the studies by Kaur et al. [11] and Gondé et al. [7] Relative cost, rather than absolute cost, was reported in the study by Park [12] .
Total costs were reported as the sum of indirect and direct costs in the study by Nasir et al. [13] . Direct cost was defined as the cost of any items used and services provided in the care of the patient during the hospitalization. This included all operating room disposable equipment and supplies; staplers; laboratory tests; imaging studies; pharmacy items and medications; and salaries and benefits of personnel who delivered care to the patient. Indirect cost was defined as overhead cost and amortization of capital equipment and supplies and maintenance.
Robotic specific costs were defined and reported by many studies and included direct costs such as disposable instruments, drapes, and other supplies. Other robotic specific costs provided included amortized cost/capital depreciation and maintenance costs. Robot depreciation in the study by Novellis et al. [14] was estimated from capital cost of 2 million euros plus annual maintenance of 200,000 euros divided by the number of procedures per year (400 cases) over eight years. Deen et al. [15] calculated capital depreciation and service cost of 1200 USA dollars (USD) per case by considering four robots priced at two million USD each, performing 2403 procedures in a 22-month period. Gondé et al. [7] calculated capital depreciation by dividing the sum of the purchase price and maintenance cost by the number of surgical procedures per year multiplied by the depreciation period. In the study by Nelson et al. [16] , the depreciation was calculated over five years. Some studies included these costs in the total hospitalization cost, while others did not. In the study by Kaur et al. [11] , these costs were excluded since they were reported to be covered by philanthropic subsidies and assumed no extra cost to the public health system of Canada. In the population-based study by Swanson et al. [9] , the cost that they reported incorporated the cost of the procedure to the hospital, but not the acquisition and annual maintenance cost of the robot.
In the prospective study by Gondé et al. [7] , total cost was defined by length of stay related costs (clinical expense, medical logistics, general logistics, and buildings) and costs independent of length of stay (direct charges including medical supplies and medico-technical expenses including capital depreciation). Part of the cost calculations in this study was based on the French National Cost Study database. In two population-based studies, Subramanian et al. [1] and Paul et al. [10] estimated costs by using total hospitalization charges and applying hospital-specific cost-to-charge ratios. It is unclear how cost was derived in the study by Glenn et al. [8] , another population-based study, which had the highest total cost (102,057 USD) reported of all studies. In the study by Novellis et al. [14] , estimated cost was reported as percentage of regional health service reimbursement. This was derived from using actual costs as well as estimated costs.
Cost comparison of robotic lobectomy to vats and open lobectomy
Six of 16 studies compared the cost of robotic lobectomy to both VATS and open approaches [ Table 2 ] [1,12,14-17] . Two studies found no significant difference in adjusted costs when comparing robotic approach to either VATS or open approach for the total hospital stay [16, 17] ; however, one of these studies noted that it may have been underpowered to detect a difference between groups [16] . Both studies used propensity score adjustment by inverse probability of treatment weighting. The study by Kneuertz et al. [17] did not find a difference in OR costs when comparing robotic to VATS (USD 9912 vs. USD 9491; P = 0.44); however, open approach had lower operating room costs than robotic (USD 8698 vs. USD 9912; P < 0.01). They observed an inverse relationship between OR related costs and postoperative related costs. Deen et al. [15] found that the overall cost for robotic approach was significantly higher than VATS ($17,011 vs. $13,829; P < 0.001), but did not find a significant difference when compared to open approach ($17,011 vs. $15,036; P = 0.058). Novellis et al. [14] 2018 ‡ The study by Park [12] found that robotic-assisted lobectomy was less expensive than open approach. Nine studies compared the cost of robotic lobectomy with VATS only [ . All of these studies found a significantly higher total cost in the robotic group when compared to VATS. When provided, the intraoperative costs or charges were also significantly higher in the robotic group.
Profit
Two studies discussed costs in terms of profit, one from the USA and the other from Italy [13, 14] . Nasir et al. [13] evaluated patients undergoing robotic lobectomies and segmentectomies during 2010-2013 at a single institution in the US, performed by a single surgeon using only Medicare patients. The median profit margin per patient was $3497. This was based on a median Medicare reimbursement of $18,937 and total median expense of $15,440 per patient. Profit margin was defined by the amount of reimbursement subtracted by the total expenses (direct and indirect costs) of the patient encounter.
In the study by Novellis et al. [14] , robotic lobectomy and segmentectomy performed for early stage lung cancer had higher costs when compared with VATS and open approaches; however, the estimated cost was 82% of the regional health service reimbursement for robotic approach, still resulting in a profit for the institution. The other two approaches were also profitable with estimated costs of 68% and 69% of reimbursement for VATS and open approaches, respectively.
QUALITY OF LIFE
Lacroix et al. [22] presented a single-center, retrospective analysis of 61 consecutive patients who underwent robotic lobectomy during its introduction to their unit from December 2012 to August 2015. They defined the learning period as their first 22 lobectomies and assessed quality of life (QOL) using the 36-Item Short Form Survey (SF-36) at midterm follow-up for the remaining 39 patients in their study. 7) or no pain (67.8 ± 16.1) (P = 0.05). They concluded that QOL was satisfactory in their early experience for robotic lobectomy and was related to the pain level.
In the study by Worrell et al. [21] , costs and quality of life outcomes were evaluated during the initiation of their robotic lobectomy program. They compared their first 25 robotic assisted lobectomies with 73 VATS lobectomies, which were performed from 2010 to 2012. The European Organization for Research and Treatment of Cancer quality of life questionnaire (QLQ-30) was used to assess QOL with responses from 29 of the 98 patients, 9 robotic and 20 VATS, at a median follow-up of 65 months. This study found no significant difference between the robotic and VATS groups in their global health status and symptom scale median scores.
In a retrospective study, Cerfolio et al. [23] reported a consecutive series of patients with clinically apparent resectable non-small cell lung cancer (NSCLC) from February 2010 to April 2011 who underwent attempted completely portal robot lobectomy using the four-arm technique. This group was compared against propensity-matched controls who underwent nerve-and rib-sparing thoracotomy. The study was performed by a single surgeon at a single institution. Quality of life information was obtained at two time points, three weeks and four months after surgery, and was measured by the Short Form Health Survey (SF-12) with supplemental questions about pain control. The robotic lobectomy group had a significantly higher average mental quality of life (MCS) score at three weeks when compared with the thoracotomy controls (53.5 vs. 40.3; P < 0.001). A trend for higher physical quality of life (PCS) score at three weeks was observed with the robotic group, although it was not of statistical significance (40.3 vs. 43.1; P = 0.07). There was no significant difference observed for mental or physical quality of life at four months. The authors in this study noted that there may have been bias introduced in the surveys since the patients were informed that the robotic approach was a new and "less invasive" technique.
DISCUSSION
The hospital cost of robotic lobectomy during initiation of a robotic lobectomy program and/or early experiences at an institution has consistently been shown to be higher when compared to VATS lobectomy [11, 18, 20, 21] . There were many factors observed to affect total hospital cost, one of which was intraoperative cost. Studies that disclosed OR time during early experiences reported a significantly longer time for robotic lobectomies when compared to VATS [ Table 3 ] [11, 18, 20, 21] . Two of these studies observed a decrease in operating time with more experience, which translated into a difference in intraoperative cost [11, 20] . Kaur et al. [11] found that, based on their micro-costing analysis, anatomic resections using the robotic approach cost more than VATS by $3116 per case. They considered significantly higher intraoperative times to be a main contributor to this difference, and reported that OR time using the robotic platform decreased over time. There was a mean difference of 71 min (P = 0.004) when comparing the first 20 robotic resections with the remaining 22 robotic resections, which resulted in an intraoperative cost difference of $883.38, reducing the total hospital cost. In their study, Spillane et al. [20] attributed higher associated hospital charges for robotic-assisted lobectomies to increased cost of OR time. They also found a trend in a decrease in intraoperative duration with the robotic approach over time. In their study, Bao et al. [18] noted that longer operative time for the robotic group may be due to the limited robotic experience of the surgeon.
This review also includes studies performed at centers with established robotic programs with high robotic surgical case volume. Case volume and surgeon experience may influence hospital costs. The amortized cost of robotic equipment is directly dependent on the number of cases performed, with higher volume resulting in lower costs. The two studies that unexpectedly demonstrated no significant difference in adjusted cost of robotic lobectomy compared to VATS were performed at high-volume surgical centers experienced in robotic surgery. These studies also found no significant difference in cost when comparing robotic to open lobectomy. Both Si and Xi systems were used and both reported on a more recent study period with patients evaluated into the year 2017.
There are also non-operating room costs to take into consideration. Postoperative complications have been shown to increase costs [16, 24] . In Nelson's [16] study, they reported an association between pulmonary and cardiovascular complications with increase in mean costs for all approaches. While the majority of studies in this review did not find a significant difference in overall postoperative major or minor complications between robotic and VATS or open groups [7, 8, 11, [14] [15] [16] [17] [18] [19] 21] , this is a potential area for cost reduction. Kneuertz et al. [24] performed a retrospective review of patients at our institution who underwent robotic-assisted lobectomy for NSCLC and evaluated postoperative outcomes on cost. Postoperative complications and prolonged hospital stay added considerable hospital expenses, which was the largest variability in total cost in the study.
The studies in this review that reported a difference in postoperative complications between groups were multi-institutional database studies [1, 9] . Swanson et al. [9] reported that patients undergoing lobectomy via robotic approach from 2009 to 2011 were 4.24 times more likely to have a minor event than those undergoing VATS. In contrast, the study by Subramanian et al. [1] found that, from 2009 to 2014, robotic lobectomy compared with VATS was associated with decreased adjusted risk of any minor postoperative complication, and, when compared with the open approach, had a decreased risk of any major or minor postoperative complication. Glenn et al. [8] found no significant difference in overall morbidity between the robotic group and VATS group from 2010 to 2013; however, they observed that, in the earlier period of the study (2010-2011), morbidity was significantly higher in the robotic group when compared with VATS (robotic 42.9% vs. VATS 36.3%, P = 0.004). From 2012 to 2013, there was no longer a significant difference. Findings in these studies suggest, but do not confirm, that postoperative complications may be higher in earlier experiences of robotic lobectomy.
Based on the literature comparing all three approaches at single institutions, the cost of robotic lobectomy appears to be comparable if not less costly than open lobectomy and/or profitable. While OR time was significantly longer in the robotic group in these studies, length of stay was shorter or similar. The reduction in length of stay was noted by some authors to account for their findings. From the three studies that evaluated quality of life in their early experience, it appears that the robotic approach has acceptable results, although the number of studies and patients evaluated are limited [21] [22] [23] .
Many studies in our review compared robotic approach to VATS only, with results consistently demonstrating higher costs for robotic lobectomy. Interestingly, no study was identified during our literature search that compared costs for robotic approach to thoracotomy only even when the data suggest that the continued decline in thoracotomy for lobectomies appears mainly a result from increased adoption of the robotic platform not from increased use of VATS [1, 2] . While the majority of studies show that robotic lobectomy has higher hospital costs than VATS, the significance of this finding is unclear. The difference in index hospital cost is of statistical significance, but its overall impact on patient outcomes and health economics has not been elucidated and the value of using the robotic platform has not been defined. Further studies on patient outcomes such as quality of life, recovery time, and morbidity, as well as surgeon factors, are needed.
Study limitations
There are limitations of this study. Due to the heterogeneity of how costs were defined and analyzed, a quantitative analysis is not feasible in this study and direct comparisons between studies could not be performed. There appears to be an overall underappreciation in the surgical literature of the differences among cost, charges, and recovery of services, which rendered comparison incredibly difficult. Additionally, there is little appreciation for the running costs that go into caring for these patients and are often assumed into operational overhead. This review was also based on observational studies, with all but one study utilizing retrospective analysis. In addition, the majority of studies reported using the Si, which is an older generation. Only two of 16 studies reviewed noted using the Xi, which was Food and Drug Administration approved and introduced to the USA in 2014. Another limitation is the limited number of studies regarding quality of life available for review. More studies on patient reported outcomes for those undergoing robotic lobectomies are needed to better understand its impact on quality of life. Finally, while we evaluated financial costs to the hospital and quality of life of patients undergoing robotic lobectomy, we did not comprehensively assess the value of the robotic platform. There are more important factors to consider beyond index hospitalization costs and PRO.
CONCLUSION
Developing a robotic lobectomy program may be associated with relatively higher index hospital costs when compared to VATS approach. With increased experience and volume of robotic cases, this difference may no longer be of significance, but additional defining of costs versus charges is needed as a surgical society. As an overall review, the cost of robotic lobectomy is comparable if not less costly than open lobectomy based on single institution studies and may be profitable for the hospital, if we can better understand the operational costs needed to care for these patients. Quality of life appears to be acceptable in the early experience of robotic lobectomy.
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